The yeast LTR-retrotransposon Ty1 integrates preferentially into regions upstream of tRNA genes. The chromatin structure of transcriptionally active tRNA genes is known to be important for Ty1 integration, but specific chromatin factors that enhance integration at tRNA genes have not been identified. Here, we report that the histone deacetylase, Hos2 and the Trithorax-group protein, Set3, both components of the Set3 complex (Set3C), enhance transposition of chromosomal Ty1 elements by promoting integration into the upstream region of tRNA genes.
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Ty1 is a long terminal repeat (LTR) retrotransposon that transposes through an RNA intermediate. Ty1 RNA is reverse-transcribed into a linear double-stranded cDNA that is integrated into the genome by the Ty1-encoded integrase protein (IN) . Like the IN protein of retroviruses, Ty1 IN inserts cDNA into specific genomic regions that lack a strong consensus sequence. Over 90% of Ty1 elements in the sequenced S. cerevisiae genome are distributed within 75-750 bp upstream of RNA polymerase III (Pol III)-transcribed genes (HANI and FELDMANN 1998; KIM et al. 1998 ). This bias is a direct result of the Ty1 target preference, since Ty1 integrates preferentially into a window upstream of Pol III-transcribed genes, including tRNA genes, some snRNA genes and the 5S rRNA gene (BACHMAN et al. 2004; BOLTON and BOEKE 2003; DEVINE and BOEKE 1996; JI et al. 1993) . Plasmid targets containing actively transcribed tRNA genes are >100-fold more active as integration targets than plasmids that either lack tRNA genes or carry tRNA genes with mutations that block Pol III transcription (DEVINE and BOEKE 1996) . Moreover, tRNA genes on naked plasmids are not efficiently targeted in an in vitro integration assay (JI et al. 1993) . These observations support the idea that Ty1 IN recognizes specific features of chromatin for its biased integration. However, the mechanistic basis for Ty1 integration near tRNA genes remains poorly understood.
Analyses of the integration of two other yeast LTR-retrotransposons, Ty3 and Ty5, have provided insights into the mechanisms involved in LTR-retrotransposon and retrovirus integration specificity. Ty3 integrates 1 to 4 bp upstream of the transcription initiation site of tRNA genes and other Pol III-transcribed genes (CHALKER and SANDMEYER 1992) . This exquisite specificity requires binding of the Pol III transcription factors TFIIIB and TFIIIC to the Pol III gene promoter (KIRCHNER et al. 1995) . In vitro, position-specific integration results from tethering of the integration complex to the Brf and TATA-binding protein subunits of TFIIIB (YIEH et al. 2002; YIEH et al. 2000) . Ty5, in contrast to Ty3, displays a regional targeting preference, integrating into subtelomeric domains and the silent mating loci (ZOU et al. 1996; ZOU et al. 1995) . Recognition of the silencing protein Sir4 by the six amino-acid targeting domain of Ty5 IN is the primary determinant in Ty5 target specificity (GAI and VOYTAS 1998; 5 XIE et al. 2001; ZHU et al. 2003; ZHU et al. 1999) . These findings suggest that tethering of the retroelement IN protein to chromatin-associated proteins can be an important factor in LTRretroelement targeting in vivo (BUSHMAN 2003; SANDMEYER 2003) .
Several in vivo studies have shown that changes in chromatin structure can influence the local pattern and efficiency of Ty1 integration. Ty1 integrates upstream of tRNA genes with an 80 bp periodicity, and both the ATP-dependent chromatin remodeling complex, Isw2, and a subunit of TFIIIB, Bdp1, are required this periodic pattern of integration (BACHMAN et al. 2004; BACHMAN et al. 2005; GELBART et al. 2005) . At low efficiency, Ty1 elements can transpose into Pol II-transcribed genes with a strong preference for the promoter region (EIBEL and PHILIPPSEN 1984; NATSOULIS et al. 1989; SIMCHEN et al. 1984; WILKE et al. 1989) . A role for chromatin structure in integration into Pol II targets was suggested by the observation that diminished levels of histones H2A and H2B disrupt a bias in the orientation of Ty1 insertions into the CAN1 promoter (RINCKEL and GARFINKEL 1996) . Moreover, the absence of Rad6, which ubiquitinates histone H2B at K123 and is required for methylation of histone H3 at K4 and K79 by Set1 and Dot1, respectively (SUN and ALLIS 2002) , increases Ty1 integration into the CAN1 and URA3 loci and abolishes the preference for promoter regions (HUANG et al. 1999; LIEBMAN and NEWNAM 1993) . The latter finding suggested to us that modification of histones could influence the efficiency and specificity of Ty1 integration. The present study is the first to identify chromatin modifiers that are required for efficient integration of Ty1 elements at their preferred target sites, Pol III-transcribed genes.
Yeast cells contain a group of related histone deacetylases (HDACs) that include Rpd3, Hda1, Hos1, Hos2 and Hos3 (KURDISTANI and GRUNSTEIN 2003) . In contrast to the typically repressive role of other HDACs, Hos2 binds to and deacetylates histones in the coding region of active genes, and it is required for efficient transcriptional activation ).
Acetylation microarrays demonstrate that Hos2 preferentially deacetylates ribosomal protein genes (ROBYR et al. 2002) . Hos2 deacetylates specific lysines in histones H3 and H4, including H4 K12 and K16 (ROBYR et al. 2002; WANG et al. 2002) . In yeast cells, Hos2 is found in a 6 single complex, Set3C, with Set3, Snt1, YIL112w, Sif2, Cpr1 and the NAD-dependent histone deacetylase, Hst1. Both Set3 and Hos2, but not Hst1, are required for the integrity of Set3C (PIJNAPPEL et al. 2001) . Moreover, Set3 and Hos2 promote the efficient activation of the GAL1 gene, whereas HST1 is dispensable for activation . Set3 is one of two proteins in yeast that, like Drosophila Trithorax (Trx), contain both SET and PHD domains (PIJNAPPEL et al. 2001) . Trithorax-group proteins in higher eukaryotes are chromatin-associated regulators that play a role in the maintenance of gene expression patterns (RINGROSE and PARO 2004) . Here, we describe a role for Hos2 and Set3 in facilitating Ty1 transposition into the upstream region of tRNA genes. We also show that Hos2 binds to tRNA genes, consistent with a model in which Hos2 and Set3 function at these preferred Ty1 target sites to promote integration.
MATERIALS AND METHODS

S. cerevisiae strains and media:
The genotypes of yeast strains used in this study are listed in Table 1 . All strains are derivatives of the congenic strains BY4741 and BY4742 (BRACHMANN et al. 1998) . Single ORF deletion derivatives of BY4741 were obtained from Open Biosystems.
Strain JC3212 contains the chromosomal Ty1his3AI[∆1]-3114 element, which was introduced into strain BY4741 by galactose induction of the pGAL1:Ty1his3AI[∆1] element, as described previously (CURCIO and GARFINKEL 1991) . Strain JC3787 is a segregant of a cross between JC3212 and BY4742. To generate strains JC3993, JC3994 and JC3995, we performed crosses between strain JC3787 and the appropriate ORF deletion derivative of BY4741. His + prototroph formation was assayed semi-quantitatively in six or more segregants harboring the ORF deletion and Ty1his3AI[∆1]-3114. Strains JC3993, JC3994 and JC3995 are representative segregants from each cross. The trp1:hisG-URA3-hisG allele (ALANI et al. 1987) was introduced into strains JC3877 and JC4030 by gene disruption of strains BY4741hos2∆ and JC3993, respectively.
The rad52:hisG-URA3-hisG allele (CURCIO and GARFINKEL 1994) was introduced into strains JC4070, JC4072 and JC4074 by one-step gene disruption of JC3993, JC3212 and JC3994, respectively. The set3∆URA3 allele of strain JC4203 was introduced by PCR-mediated gene disruption in strain JC3993, using a PCR product synthesized with primers SET3KO-F and SET3KO-R (Table 2 ) and plasmid pRS406 DNA (SIKORSKI and HIETER 1989) . The hst1∆kanMX allele in strain JC4391 was introduced by PCR-mediated gene disruption of strain JC3212, using a PCR product synthesized with primers HST-UP/S1 and HST1-DN/A1 (Table 2) RNA was performed as described previously (SCHOLES et al. 2001) . For Ty1 cDNA analysis, independent colonies of each strain were each inoculated into a culture of 10 ml YEPD broth and grown at 20 0 for two days. Genomic DNA prepared from each culture was digested with PvuII, and Ty1 cDNA was quantified relative to genomic Ty1 DNA in each sample as described previously (SCHOLES et al. 2001) .
Endogenous Ty1 integration assay: Genomic DNA (1 µg) extracted from independent cultures of strain BY4741 and hos2Δ, set3Δ, hos3Δ, spt3Δ and tec1Δ derivatives, grown as described for hr. Genomic DNA (0.4 µg) prepared from each pool was subject to PCR amplification using 0.5 µM HISOUT3 primer, 0.5 µM SUF16-2 primer, 0.15 µM Tel1-F primer, 0.15 µM Tel1-R primer, 1 µCi of α-32 P dATP and 0.2 mM dNTPs. PCR reactions were performed for five cycles at 94° for 30 sec, 65° for 30 sec, 72° for 2 min followed by twenty cycles of 94° for 30 sec, 60°
for 30 sec, 72° for 2 min. Twenty five cycles was shown to be within the geometric range of the reaction in control experiments with varied cycle numbers. PCR products were separated on a 2% agarose gel. The gel was dried, and products were visualized by autoradiography. The 32 P activity in each lane was quantified using a Storm 860 Phosphorimager and ImageQuant software.
Chromatin immunoprecipitation:
Chromatin immunoprecipitation was performed using strain JC3877 carrying plasmid PAW202 and strain BY4741. Cells were grown in SC-Trp broth to an OD 600 of approximately 1.0. Formaldehyde was added to a final concentration of 1%, and cultures were incubated for 15 min. Glycine was added to a final concentration of 125 mM and incubated for 5 min. Cells were washed twice with ice-cold 20 mM Tris-HCl (pH 7.4); 150 mM NaCl. Cells from 50 ml of culture were resuspended in 400 µl FA-lysis buffer (50 mM HEPES-KOH (pH 7.5); 140 mM NaCl; 1 mM EDTA; 1% Triton X-100; 0.1% Na deoxycholate) containing 1 mM PMSF, 1µg/ml leupeptin and 1 µg/ml pepstatin together with 500 µl of glass beads, and the cultures were vortexed at 4 0 for 40 min. Lysates were sonicated six times with five pulses at 90% duty, 30% output using a Branson Ultrasonics Model 250 sonifier. The resulting DNA fragments ranged from 100 to 1000 bp and averaged 500 bp in length. Lysates were clarified by centrifugation at 14,000 rpm for 15 min at 4˚. A 100 µl aliquot of lysate was diluted five-fold in FA-lysis buffer and incubated with 50 µl of a 50% suspension of Protein A (Table 2) . Following 25 cycles of PCR, products were separated on a 10% nondenaturing polyacrylamide gel. Results were visualized by autoradiography and quantified using a STORM 860 Phosphorimager and ImageQuant software.
RESULTS
Hos2 and Set3 as activators of Ty1 retrotransposition:
The goal of this work was to identify chromatin-associated factors that promote the integration of Ty1 elements at their preferred target sites, the regions upstream of tRNA genes. To quantify the reduction in Ty1 mobility in hos2∆ and set3∆ mutants, we measured the frequency of His + prototroph formation, herein referred to as the frequency of Ty1his3AI mobility. Ty1his3AI mobility in a hos2∆, set3∆ or hos2∆set3∆ mutant was reduced to 11% to 22% of the frequency in the wild-type strain (Table 3 ). In contrast, Ty1his3AI mobility was modestly increased in the absence of the histone deacetylase Hos3, and only slightly reduced in the absence of the deacetylase Hst1, which like Hos2 and Set3 is a component of Set3C.
Ty1 cDNA mobility can occur by two mechanisms: the cDNA can transpose into the genome through the action of the Ty1-encoded integrase, or the cDNA can recombine with homologous Ty1 sequences. Accordingly, deletion of HOS2 or SET3 may cause a reduction in Ty1 cDNA recombination rather than transposition. Rad52 is required for homologous recombination of Ty1 cDNA with genomic Ty1 elements (SHARON et al. 1994) . Therefore, we determined whether Ty1his3AI mobility is reduced when either HOS2 or SET3 is deleted from a rad52∆ strain. As previously shown, the rad52∆ mutation increases the frequency of Ty1his3AI mobility relative to the wild-type strain (Table 3) . Nonetheless, the retromobility frequency in a rad52∆ hos2∆ or rad52∆ set3∆ strain was 30% or 53%, respectively, of that in a rad52∆ strain. These data support the hypothesis that Hos2 and Set3 are required for efficient integration of Ty1 cDNA.
To determine whether the catalytic activity of the deacetylase Hos2 is necessary to promote transposition, we introduced a TRP1-CEN vector harboring the catalytically inactive hos2(H195A, H196A) allele or the wild-type HOS2 allele into hos2∆ strain JC4030. The wildtype and mutant Hos2 proteins are expressed from these plasmids at equivalent levels . The frequency of Ty1his3AI mobility in the strain expressing Hos2-H195A, H196A
was the same as that of the strain lacking any HOS2 allele (Table 4 ). In contrast, mobility was increased 3-fold when wild-type Hos2 was expressed. This finding suggests that the deacetylase activity of Hos2 is important for efficient transposition of chromosomal Ty1 elements.
Ty1 RNA and cDNA levels in hos2∆ and set3∆ mutants: We considered the possibility that Ty1 cDNA mobility is inhibited in hos2∆ and set3∆ mutants because Ty1 RNA levels are reduced. We tested this idea by quantifying Ty1his3AI RNA and total Ty1 RNA relative to a control transcript, PYK1 RNA, using Northern blot analysis (Fig. 1A) . The relative levels of Ty1his3AI and total Ty1 RNA were not decreased, but instead were increased approximately 3-fold and 2-fold, respectively, in hos2∆ and set3∆ mutants. Deletion of HOS3 had little or no effect on the level of Ty1his3AI RNA or Ty1 RNA. In contrast, deletion of TEC1, which encodes a transcription factor required for efficient Ty1 element expression, significantly reduced the levels of both Ty1his3AI RNA and total Ty1 RNA. These data demonstrate that the lower levels of Ty1his3AI mobility in hos2∆ and set3∆ mutants do not result from reduced amounts of Ty1his3AI RNA or total Ty1 RNA.
Another possibility is that the absence of Hos2 and Set3 indirectly affects a posttranscriptional step in Ty1 retrotransposition, resulting in lower levels of Ty1 cDNA available for transposition. To test this hypothesis, we prepared genomic DNA from hos2∆, set3∆, and wild-type strains and from a dbr1∆ strain as a control. Total unintegrated Ty1 cDNA relative to genomic Ty1 DNA in each strain was measured using a standard Southern blot assay (SCHOLES et al. 2001) . The average level of Ty1 cDNA in the hos2∆ or set3∆ mutant was comparable to that of the wild-type strain (Fig. 1B) . In contrast, the dbr1∆ mutant, which has a defect in Ty1 cDNA accumulation (KARST et al. 2000) , had only 18% as much Ty1 cDNA as the wild-type strain. This finding suggests that Hos2 and Set3 stimulate Ty1 transposition at a step subsequent 13 to the accumulation of Ty1 cDNA.
Reduced integration of Ty1 cDNA upstream of tRNA Gly genes in the absence of Hos2 or Set3: The fact that Ty1his3AI mobility is decreased even though Ty1 cDNA levels are normal suggested that Ty1 cDNA is not utilized efficiently for integration in hos2∆ and set3∆ mutants.
To determine if integration was reduced in hos2∆ and set3∆ mutants, we used a PCR assay to detect nascent Ty1 integration events into the upstream regions of tRNA Gly genes. There are 16 different tRNA Gly genes in the genome, and at least two are known hotspots for Ty1 transposition (BACHMAN et al. 2004; JI et al. 1993) . Ty1:tRNA Gly -gene junction fragments were amplified from four genomic DNA samples of each strain using one primer that recognizes TYB1 sequences and one primer that recognizes 16 tRNA Gly genes ( Fig. 2A) . Ty1 transposition events upstream and in the same orientation as tRNA Gly genes can be detected using this method.
Ty1:tRNA Gly -gene junctions do not preexist in the BY4741 genome (Saccharomyces Genome Database; http://www.yeastgenome.org), but are detected when transposition is induced by growth at 20˚, a permissive temperature for transposition. To ensure that the PCR reactions were within the geometric range, we used a low number of PCR cycles and detected the Ty1:tRNA Glygene junctions by Southern blotting (Fig. 2B) . The intensity and number of bands provide a relative measure of the level of integration in each sample. As has been demonstrated previously (BACHMAN et al. 2004; SCHOLES et al. 2001) , the wild-type strain yielded a ladder of PCR products between 0.55 kb and 1.0 kb, representing Ty1 insertions ~85 to 550 bp upstream of one or more tRNA Gly genes. Genomic DNA samples from the spt3∆ and tec1∆ strains, both of which lack a transcription factor required for Ty1 RNA expression, showed substantially reduced level of Ty1 integration, consistent with the low levels of Ty1 transposition in these strains. Notably, the levels of Ty1 integration in hos2∆ and set3∆ mutants were reduced to levels comparable to those in the tec1∆ or spt3∆ strain. Similar results were obtained when PCR was performed with a primer that detects Ty1 insertions in the opposite orientation (data not shown), indicating that there is no orientation bias in the reduced integration of Ty1 at tRNA Gly genes in hos2∆ and set3∆ strains. In contrast to hos2∆ and set3∆ strains, hos3∆ strains did not have decreased levels of Ty1 integration upstream of tRNA Gly genes ( Figure 2B ). Overall, these findings indicate that Hos2 and Set3 are required for efficient integration into normally preferred target sites. Therefore, our data support the conclusion that Hos2 and Set3 affect a step after the accumulation of Ty1 cDNA but before or at integration of the Ty1 cDNA.
Reduced targeting of Ty1HIS3 elements to tRNA
Gly genes in hos2∆ and set3∆ mutants: The preferred target sites for Ty1 integration has been determined by locating marked Ty1 insertions launched from plasmid-borne GAL1:Ty1 (pGTy1) elements. However, a genome-wide screen did not identify either Hos2 or Set3 as necessary for the mobility of pGTy1 elements (GRIFFITH et al. 2003) . Therefore, it was important for us to determine whether pGTy1 elements, like their chromosomal counterparts, integrate at tRNA genes less efficiently in the absence of Hos2 and Set3. Plasmid pGTy1his3AI was introduced into congenic hos2∆, set3∆ and control strains, and mobility of the Ty1his3AI element was induced by growth on medium containing galactose.
Aliquots of each induction culture were spread on selective medium to obtain His + Ura -colonies that had sustained a Ty1HIS3 insertion into the genome but had lost the URA3-based pGTy1his3AI plasmid. The frequencies of His + Ura -colonies arising in the hos2∆ or set3∆ mutant and the wild-type strain were equivalent (data not shown), which confirms the previous observation that neither Hos2 nor Set3 is required for mobility when Ty1 is expressed from a pGTy1 plasmid (GRIFFITH et al. 2003 analyzed (data not shown). Moreover, the sizes of the Ty1HIS3 bands in genomic DNA from all three strains were variable, indicating that many independent Ty1HIS3 mobility events were represented. Therefore, 1000 His + Ura -colonies from independent induction cultures of each strain were scraped from plates, and genomic DNA was prepared from each pool. Genomic DNA from three independent wild-type colony pools, three hos2∆ colony pools, three set3∆ colony pools and one pool each of colonies from hos3∆, rpd3∆ and rad6∆ mutants as controls were subjected to PCR using one primer that hybridized to HIS3 sequences in the Ty1HIS3 insertion, and one primer that hybridized to tRNA Gly genes (Fig. 3A) . Primers that amplify a fragment of the TEL1gene were included in each reaction as an internal control. PCR was performed using a low cycle number to ensure that the reactions were in the geometric range.
PCR reactions using genomic DNA from each pool yielded a 0.48 kb TEL1 band and a series of bands ranging in size from 0.75 to 2.2 kb, indicative of Ty1HIS3 integration events between ~50 and ~1500 bp upstream of tRNA Gly genes (Fig. 3B ). This range of integration events was broader than the range that is typically seen, which may reflect differences in our experimental method relative to the standard integration assay. The 32 P-activity in individual bands from 0.7 to 2.2 kb products was summed and divided by the 32 P-activity in the TEL1 band to obtain the relative level of Ty1 integration upstream of tRNA Gly genes in each independent sample. The average level of Ty1HIS3 integration upstream of tRNA Gly genes in the hos2∆ mutant pools was approximately one-quarter of that in the wild-type pools. Similarly, set3∆ mutants had about one-half the level of integration into tRNA Gly genes as the wild-type strains did. In contrast, absence of the deacetylase Hos3 or Rpd3 or the histone-ubiquitinating enzyme Rad6 did not alter the level of Ty1HIS3 integration upstream of tRNA Gly genes. Thus, these findings suggest that Hos2 and Set3 promote Ty1 transposition into the regions upstream of tRNA genes. The observation that integration but not mobility of cDNA from a pGTy1his3AI element is reduced in hos2∆ and set3∆ mutants supports the conclusion that Hos2 and Set3 enhance integration rather than an earlier step in transposition. Ty1HIS3 cDNA that is not integrated upstream of tRNA genes in hos2∆ and set3∆ mutants may integrate elsewhere or may recombine with pre-existing Ty1 elements in the genome.
Binding of Hos2 to tRNA genes:
Given the known role of Hos2 in deacetylating histones, we hypothesized that Hos2 and Set3 directly promote Ty1 integration by associating with or modifying chromatin at tRNA genes. Therefore, we used chromatin immunoprecipitation experiments to determine if Hos2 binds to the SUF16/tG(GCC)C locus, a tRNA Gly gene that is a known hotspot for Ty1 integration, and to the tQ(UUG)C locus, a tRNA Gln gene that is a relatively poor Ty1 integration target (JI et al. 1993) . Binding to regions within, upstream and downstream of each tRNA gene was examined (Fig. 4A ). For comparison, we also examined the binding of Hos2 to a poorly expressed gene, YPT53, and to a highly expressed gene, TDH3 (HOLSTEGE et al. 1998) , since the level of Hos2 binding to a gene is correlated with the level of mRNA produced from that gene . A hos2∆ strain was transformed with a CEN-plasmid that encodes Hos2 fused at the C-terminus to thirteen tandem copies of the myc epitope . Chromatin was immunoprecipitated using an antibody to the myc Nonetheless, our results demonstrate that Hos2 is physically associated with tRNA genes. This finding supports the hypothesis that Hos2 functions at Ty1 target sites to promote integration.
The fact that Hos2 binds relatively hot and cold tRNA gene targets sites equivalently suggests that Hos2 is necessary but not sufficient to promote integration of Ty1 at tRNA genes.
DISCUSSION
We used a chromosomal Ty1his3AI element as a sensitive indicator of Ty1 mobility, in order to identify potential chromatin modifiers that are required for Ty1 integration. In a small screen of known chromatin modifiers, we identified Hos2 and Set3 as necessary for efficient mobility of a chromosomal Ty1 (Table 3 ). Further analyses of hos2∆ and set3∆ mutants suggested that the transposition defect in these mutants occurs during integration. This conclusion is based on the following observations. First, Ty1 and Ty1his3AI RNA levels are actually increased in hos2∆
and set3∆ mutants, indicating that a decrease in expression of Ty1 elements is not the cause of lower transposition levels (Fig. 1A) . Second, Ty1 cDNA levels in hos2∆ and set3∆ mutants were similar to those in the wild-type strain, indicating that these mutations do not affect the accumulation of Ty1 cDNA (Fig. 1B) . Third, integration of chromosomal Ty1 elements into the upstream region of tRNA Gly genes was significantly reduced in hos2∆ and set3∆ strains and was similar to the level of integration in an spt3∆ mutant (Fig. 2) . Moreover, plasmid-borne Ty1HIS3 elements transpose upstream of tRNA Gly genes only one-fourth to one-half as often in a hos2∆ or set3∆ mutant, respectively, as they do in a wild-type strain (Fig. 3) . Finally, chromatin immunoprecipitation analysis demonstrated that Hos2 is physically associated with tRNA genes, consistent with the hypothesis that Hos2 functions at the target site to promote integration (Fig.   4 ).
While the model that Hos2 and Set3 act at Ty1 target sites to enhance integration is a parsimonious one, we cannot rule out the possibility that Hos2 and Set3 affect transposition at a step just prior to integration. Hos2 could directly or indirectly enhance steps between Ty1 cDNA accumulation and integration. For example, we were not able to determine whether deleting HOS2 or SET3 results in lower levels of Ty1 IN, since IN is difficult to detect in wild-type strains (CURCIO and GARFINKEL 1992) . However, the fact that Hos2 binds at tRNA genes and is also required for efficient integration at these sites suggests that the presence or function of Hos2 at tRNA genes is necessary for optimal levels of Ty1 transposition.
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The physical association of Hos2 with tRNA genes is intriguing, given that all three HOS deacetylases are active at genes that encode components of the protein synthesis machinery.
Acetylation microarrays have revealed that Hos1 and Hos3 are preferentially associated with ribosomal DNA, and Hos2 is associated with ribosomal protein genes. Therefore, it was proposed that HOS deacetylases play a role in coordinating expression of protein synthesis components (ROBYR et al. 2002) . The association of Hos2 with tRNA genes could reflect another aspect of this coordinated regulation.
Interestingly, Hos2 and Set3 are necessary for efficient mobility of chromosomal Ty1 elements but not for the mobility of Ty1 elements expressed from the GAL1 promoter. Several findings suggest that the host regulates pGTy1 elements differently than endogenous Ty1 elements. For example, pTy1 elements evade post-transcriptional cosuppression and transpose at ~100-fold greater efficiency per transcript than endogenous Ty1 elements (CURCIO and GARFINKEL 1992; GARFINKEL et al. 2003) . The fact that mobility of cDNA from pGTy1 elements is not limited by the absence of Hos2 and Set3 but that integration at tRNA genes is reduced suggests that cDNA from pGTy1 elements can enter the genome by mechanisms other than integration. This alternative mechanism is probably recombination with endogenous Ty1 elements, since pGTy1 cDNA can recombine efficiently into the genome when integration is blocked by cis or trans-acting mutations in the pGTy1 element (SHARON et al. 1994) . Moreover, cDNA recombination is likely to be significantly more common for pGTy1 elements than for chromosomal Ty1 elements, since the mobility of pGTy1 elements is reduced in a rad52∆ mutant, whereas the mobility of endogenous Ty1 elements is actually increased in a rad52∆ mutant (GRIFFITH et al. 2003; CURCIO and GARFINKEL 1994) . Increased Ty1 cDNA recombination in the case of pGTy1 elements may be the reason that only the mobility of chromosomal Ty1 elements and not pGTy1 elements is reduced in the absence of Hos2 and Set3.
Two observations suggest that Hos2 affects the efficiency of Ty1 integration rather than target specificity. First, Hos2 is required for integration of chromosomal Ty1 elements at tRNA genes and for the overall mobility of Ty1his3AI elements; therefore, reduced integration at tRNA genes may account for the reduced levels of transposition. Second, we found that Hos2 was bound not only at SUF16, a tRNA gene that is a known hotspot for Ty1 integration, but also at the tQ(UUG)C gene (Fig. 4) , which lacks features in the adjoining DNA that are characteristic of Ty1 hotspots (BACHMAN et al. 2004 ) and was not targeted by Ty1 when compared to other tRNA genes on chromosome III (JI et al. 1993) . Moreover, Hos2 binds the ORFs of actively transcribed genes , and ORFs are generally poor targets of Ty1 integration (JI et al. 1993; NATSOULIS et al. 1989; WILKE et al. 1989) . Therefore, it appears that Hos2 is necessary for efficient integration at tRNA genes but is not sufficient to define a tRNA gene or other region as a Ty1 hotspot.
It remains to be determined whether the presence or function of Hos2 enhances Ty1 integration upstream of tRNA genes. By analogy with Ty3 and Ty5, the Ty1 integration complex might be brought to the vicinity of tRNA genes because of an association with Hos2. As Hos2 is required for the integrity of Set3C (PIJNAPPEL et al. 2001) , Ty1 integrase might also be tethered to another component of Set3C. However, a simple tethering model cannot in itself explain why Ty1 elements fail to target all Hos2 binding sites. A second possible mechanism is that Ty1 integrase is brought to tRNA genes by tethering to another unidentified protein and that once the integrase complex is in the vicinity, the deacetylation of histones by Hos2 or another histone modification made by Set3C promotes Ty1 integration. In support of this model, we found that the level of Ty1 transposition in a strain bearing a catalytically inactive Hos2 allele was similar to that in a hos2∆ strain (Table 4) . One caveat of this interpretation, however, is that the catalytically inactive Hos2 protein does not bind to a known target DNA as efficiently as wildtype Hos2 . Therefore, the catalytically inactive Hos2 might interfere with recruitment of the Ty1 integration complex to the target site by failing to bind the target site or by failing to carry out histone modifications that enhance Ty1 integration.
Hos2 is the closest yeast homolog to mammalian HDAC3, and there are many similarities between Set3C and the partially characterized mammalian HDAC3 complexes (PIJNAPPEL et al. 2001) . In view of this, the results presented here may be relevant to the host mechanisms used to 20 control the target site selection of retroviruses in mammals, including humans. Intriguingly, the HIV-1 virus is preferentially targeted to the transcription units of actively transcribed genes (SCHRODER et al. 2002; WU et al. 2003) . This pattern of HIV-1 integration in human cells parallels the pattern of Hos2-mediated histone deacetylation of pol II-transcribed genes in yeast.
Therefore, our findings raise the possibility that patterns of histone deacetylation in humans could play a role in the target site selection of the HIV-1 virus. MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 BY4742 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0
TABLE 2
Oligonucleotides used in this study
HST1-UP/S1 5'-TGATGACTCAGTAAGACCGCC -3' HST1-DN/A1 5'-TCAAGAGGAACTGATCAGTGG -3' lacking a myc tag (-), using anti-myc antibody (+) or no antibody (-). The first and fourth lanes (Input) contain PCR products from DNA extracted without immunoprecipitation at a 1:2700 dilution. The triangle represents the dilution series of control input DNA (1:900, 1:2700, 1:8100, 1:24300). Each PCR reaction detects one product specific to a tRNA gene region and one product from the RPL27A coding region. As positive and negative controls, respectively, PCR products from the coding region of TDH3 and YPT53 were measured relative to the RPL27A product. C. Graph of the ratio of PCR product at each genomic site examined relative to the internal RPL27A PCR product for the immunoprecipitated DNA divided by the same ratio in the input DNA. The average of three independent ChIP experiments, one of which is shown in B, is
given. Error bars, + standard error. 
